Abstract: Fe-2Cu-2Mo-0.8C powder mixtures were prepared by mixing Fe, Cu and C elemental powders with different forms of Mo-containing powder (pure Mo powder, prealloyed Mo-Fe powder and mechanically alloyed Mo-Fe powder, respectively). The powder mixtures were warm pressed under different pressures and temperatures. Properties of the green compacts and the sintered parts were tested to investigate the effects of the different ways of introducing molybdenum. The test results show that a green density of 7.32 g/cm 3 was obtained for Fe-2Cu-2Mo-0.8C powder mixtures containing mechanically alloyed Mo-Fe powders, under a warm compaction pressure of 800 MPa and warm pressing temperature of 120 • C, respectively. The sintered Fe-2Cu-2Mo-0.8C specimens added with mechanically alloyed Mo-Fe powders had a density of 7.31 g/cm 3 , a hardness of 95 HRB and a tensile strength of 618 MPa, respectively. Compared with the sintered samples, added Mo in the forms of pure Mo and prealloyed Mo-Fe powder, the sintered parts added with mechanically alloyed Mo-Fe powders had more uniform microstructure, better mechanical and wear-resistant properties.
Introduction
Ferrous powder metallurgy (PM) parts are now widely used in automotive, machinery, appliances, military and many other applications [1] . With the developments of advanced manufacturing, there is an emerging need for ferrous powder metallurgy parts with high performance [2, 3] . Iron-copper-carbon (Fe-Cu-C) alloy is the most widely used ferrous material, which possesses more than 50% in the sintered ferrous PM parts. Ferrous parts containing about 2-5 wt.% of copper and 0.6-1 wt.% of carbon are commonly used in automotive applications (e.g., valve seat rings and guides, shaft sleeves, lifter parts, pump gears, etc.) [4] .
To further improve the properties of Fe-Cu-C PM parts, Mo has been extensively investigated as an alloying element because of its excellent solution strengthening ability, which can also refine the grain size of the pearlite compared with other alloying elements, such as Mn, Ni, and Cr [5, 6] . Yoo et al. studied the sintered properties of Fe-Cu-C PM steel with high carbon and elemental Mo addition and the samples own moderate mechanical properties, finding good wear resistance due to high sintering densification and solid solution strengthening [7] . Rathore et al. prepared ferrous alloys containing Mo and Cu, and found that adding of elemental Mo and Cu can increase the tensile strength and hardness of the sintered samples, but the ductility and impact strength of the specimens decreased [8] .
Although it has been shown that the addition of some alloying elements with high hardness can increase the mechanical properties of ferrous PM parts, when added in the form of pure metal powder, the high hardness of these metal powders may lower the compressibility of the powder mixtures, resulting in the decrease of density of the compacts and the sintered parts [9] [10] [11] . Therefore, in recent years, researchers have tried introducing alloying elements into the ferrous parts in the form of prealloyed powder and some other forms. These methods can improve the homogeneity of the powder mixtures, reduce oxidation of the raw powder and facilitate diffusion homogenization during sintering [12, 13] .
It is also desirable to reduce the residual pores in a sintered ferrous structure part to increase its mechanical properties. By now, many methods have been tried to prepare ferrous PM parts with high density (low porosity), such as the repressing-resintering method, the warm compaction method, the infiltration method, the sinter-forging method and so on [14] [15] [16] [17] . Among these methods, warm compaction has been shown to be one of the most attractive processes for preparing ferrous structural parts with a high density and an excellent property at relatively low-cost. During warm compaction, the powder mixtures, containing some special lubricants, are heated to a pre-set temperature and pressed in a warm die. After pressing, compacts with a high density can be obtained [18, 19] .
In this paper, three different kinds of Mo-containing powders were blended with iron, copper, graphite powder and composite lubricant to obtain Fe-2Cu-2Mo-0.8C powder mixtures for warm compaction. The powder mixtures were subsequently warm compacted at different pressures and the green compacts were sintered to obtain ferrous parts. The compactability of the powder mixtures containing different forms of the Mo element, density, microstructure and mechanical properties of the sintered samples were systematically tested to investigate the effects of Mo addition forms on the properties of the powder mixtures and performances of the sintered samples.
Materials and Methods
The reduced iron powder (average particle size of 75 µm), electrolytic copper powder (average particle size of 32 µm) and flaky graphite powder (average particle size of 28 µm) were used as raw materials. The molybdenum element was added in the forms of pure Mo powder (average particle size of 12 µm), prealloyed Mo-Fe powder (average particle size of 17 µm) and mechanically alloyed Mo-Fe powder (average particle size of 18 µm), respectively. The molybdenum content in the prealloyed Mo-Fe powder and the mechanically alloyed Mo-Fe powder was about 70 wt.%. The mechanically alloyed Mo-Fe powder was prepared by high-energy ball milling 70 wt.% Mo powder and 30 wt.% Fe powder. The commercially available Fe powder was ball milled with the Mo powder on a planetary ball mill (QM-3SP24, Nanjing Chishun Science & Technology Co., Ltd., China) at a speed of 400 rpm for 4 h with a ball-to-powder weight ratio of 3:1.
The above powders (Fe, Cu, C and Mo-containing powder) were mixed in a V-type mixer for 2 h. The composition of the obtained powder mixtures were 96.2 wt.% Fe, 2.0 wt.% Cu, 2.0 wt.% Mo and 0.8 wt.% C (Fe-2Cu-2Mo-0.8C). A homemade composite lubricant composed of stearate, amide waxes and some other gradients were added into the powder mixtures during blending with a weight amount of 0.6 wt.%. During warm compaction, the powder mixtures were pressed in a heated steel die at about 120 • C and pressure of 500 to 800 MPa uniaxially. The green compacts were subsequently sintered at 1150 • C in a H 2 atmosphere for 90 min without pressure. The theoretical density of the Fe-2Cu-2Mo-0.8C samples were estimated according to the addition law between the quality and composition.
X-ray diffraction analysis (XRD, D/MAX2500V, Rigaku, Tokyo, Japan) was performed on the Mo-containing powders to identify the phase composition with a scanning range of 10-90 • . The density of green compacts and sintered samples was measured by the Archimedes' method according to ASTM B328-2003 standards.
The microstructure and chemical composition characterization were carried out using a scanning electron microscope (SEM, JSM-6490LV, JOEL, Tokyo, Japan) and energy-dispersive spectroscopy (EDS).
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(1) Due to the high density of the green compacts, the Fe-2Cu-2Mo-0.8C samples containing the mechanically alloyed Mo-Fe powder showed the maximum sintered density value. During sintering, the particles started to grow and fill the pores inside the dense substance, so the green compacts with low porosity were conducive to obtain sintering samples with a higher density [22] .
(2) In the sintering process, molybdenum was transferred from the high concentration part (particle surface) to the low concentration part by solid phase diffusion, and pores were formed in the original position of molybdenum particles [23] . For the mechanically alloyed Mo-Fe powder, the Mo particles were small and dispersed, and the pores generated by diffusion during sintering densification were more likely to disappear. At the same time, in this experiment, partial diffusion of Figure 6 shows the density of the Fe-2Cu-2Mo-0.8C samples sintered at 1150 • C in a H 2 atmosphere for 90 min. From Figures 5 and 6 , it can be seen that the compaction pressure also influenced the sintered density of the samples. Furthermore, Figure 5 shows that the sintered specimens prepared from powder mixtures containing the mechanically alloyed Mo-Fe powder had a maximum density of 7.31 g/cm 3 , but this value for powder mixtures containing the pure Mo and prealloyed Mo-Fe powder was only 7.23 g/cm 3 and 7.26 g/cm 3 , respectively. Again, the advantages of introducing the Mo element in the form of a mechanically alloyed state have been shown. Figure 6 shows the density of the Fe-2Cu-2Mo-0.8C samples sintered at 1150 °C in a H2 atmosphere for 90 min. From Figures 5 and 6 , it can be seen that the compaction pressure also influenced the sintered density of the samples. Furthermore, Figure 5 shows that the sintered specimens prepared from powder mixtures containing the mechanically alloyed Mo-Fe powder had a maximum density of 7.31 g/cm 3 , but this value for powder mixtures containing the pure Mo and prealloyed Mo-Fe powder was only 7.23 g/cm 3 and 7.26 g/cm 3 , respectively. Again, the advantages of introducing the Mo element in the form of a mechanically alloyed state have been shown. The measured results for sintered density of the different Fe-2Cu-2Mo-0.8C samples revealed that introducing forms of Mo, due to the difference of the Mo form existing in raw powders, had an influence on the sintering densification process. This influence may have been caused in following ways:
(2) In the sintering process, molybdenum was transferred from the high concentration part (particle surface) to the low concentration part by solid phase diffusion, and pores were formed in the original position of molybdenum particles [23] . For the mechanically alloyed Mo-Fe powder, the Mo particles were small and dispersed, and the pores generated by diffusion during sintering densification were more likely to disappear. At the same time, in this experiment, partial diffusion of The measured results for sintered density of the different Fe-2Cu-2Mo-0.8C samples revealed that introducing forms of Mo, due to the difference of the Mo form existing in raw powders, had an influence on the sintering densification process. This influence may have been caused in following ways:
(2) In the sintering process, molybdenum was transferred from the high concentration part (particle surface) to the low concentration part by solid phase diffusion, and pores were formed in the original position of molybdenum particles [23] . For the mechanically alloyed Mo-Fe powder, the Mo particles were small and dispersed, and the pores generated by diffusion during sintering densification were more likely to disappear. At the same time, in this experiment, partial diffusion of molybdenum formed in the process of high-energy ball milling reduced the solid phase diffusion distance and promoted sintering densification. Combined with the high density, this was beneficial to improve the mechanical properties of the sintered samples. Figure 7 shows the surface SEM image and EDS results of the sintered Fe-2Cu-2Mo-0.8C sample. Compared with pure Mo (Figure 7a,b) and prealloyed Mo-Fe powder (Figure 7d,e) , the microstructure of sintered sample with mechanically alloyed Mo-Fe powder (Figure 7g,h ) was more uniform, and the pearlites were smaller and extended into the ferrite grain significantly. This was because, under the action of high-energy ball grinding, molybdenum powder adheres to the surface of iron particles and spreads evenly in the sintered body structure. And the mechanical alloying process caused partial diffusion of iron and molybdenum, which was conducive to the diffusion of the Mo element in the sintering process. This obvious change promoted the grain refinement and made the grain size of ferrite become smaller. According to the EDS results, the final chemical composition of the sintered samples consisted of about 2 wt.% Fe, 2 wt.% Cu, and 2 wt.% Mo, and the carbon content of the sintered samples prepared from pure Mo, prealloyed Mo-Fe powder and mechanically alloyed Mo-Fe powder were 0.782, 0.771, 0.779 wt.%, respectively. This result showed that there was no obvious change in Fe-2Cu-2Mo-0.8C composition.
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Conclusions
Fe-2Cu-2Mo-0.8C green compacts with a density of 7.32 g/cm 3 were obtained by adding with mechanically alloyed Mo-Fe powder to powder mixtures at a pressing temperature of 120 °C and a pressing pressure of 800 MPa. The corresponding sintered specimen had a density of 7.31 g/cm 3 , a hardness of 95 HRB and a tensile strength of 618 MPa, respectively. Compared with adding pure Mo and prealloyed Mo-Fe powder, introducing mechanically alloyed Mo-Fe powder in the powder mixtures was liable to obtain green and sintered specimens with a high density, homogeneous microstructure, finer pearlite and better wear-resistant properties. The present test results have provided a potential way to improve the density and mechanical properties of ferrous materials containing molybdenum.
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Fe-2Cu-2Mo-0.8C green compacts with a density of 7.32 g/cm 3 were obtained by adding with mechanically alloyed Mo-Fe powder to powder mixtures at a pressing temperature of 120 • C and a pressing pressure of 800 MPa. The corresponding sintered specimen had a density of 7.31 g/cm 3 , a hardness of 95 HRB and a tensile strength of 618 MPa, respectively. Compared with adding pure Mo and prealloyed Mo-Fe powder, introducing mechanically alloyed Mo-Fe powder in the powder mixtures was liable to obtain green and sintered specimens with a high density, homogeneous microstructure, finer pearlite and better wear-resistant properties. The present test results have provided a potential way to improve the density and mechanical properties of ferrous materials containing molybdenum.
